1. Introduction {#sec1-materials-12-01419}
===============

Improving the plastic deformability of metallic glasses (MGs) is the key to the extensive use of these attractive materials in structural and functional applications. Hence, understanding and controlling the deformation mechanisms of MGs is a hot research topic and remains a major ongoing issue. The most common strategy to improve the ductility of MGs is the fabrication of MG composites with a crystalline phase \[[@B1-materials-12-01419],[@B2-materials-12-01419],[@B3-materials-12-01419],[@B4-materials-12-01419],[@B5-materials-12-01419],[@B6-materials-12-01419],[@B7-materials-12-01419]\]. When loaded, the soft crystalline phase yields first and perturbs the strain/stress field in the adjacent glass matrix around the inclusions, thus, promoting the formation of a highly organized pattern of multiple shear bands. Moreover, the crystalline phase arrests shear band propagation, stabilizes the shear flow and avoids runaway instability \[[@B8-materials-12-01419],[@B9-materials-12-01419]\]. However, to prevent the formation of critical shear bands and for obtaining tensile ductility the crystalline inclusions must be sufficiently large and, thus, must occupy an overall volume fraction larger than 40 vol.% \[[@B10-materials-12-01419],[@B11-materials-12-01419],[@B12-materials-12-01419],[@B13-materials-12-01419]\]. Moreover, a high volume fraction of soft precipitates improves the ductility of the MG composites but may significantly lower their strength \[[@B14-materials-12-01419],[@B15-materials-12-01419]\]. Besides, MG composites reinforced with a B2-type shape memory phase show extraordinary plasticity together with work hardening capability \[[@B7-materials-12-01419],[@B16-materials-12-01419],[@B17-materials-12-01419],[@B18-materials-12-01419],[@B19-materials-12-01419],[@B20-materials-12-01419],[@B21-materials-12-01419],[@B22-materials-12-01419]\]. Here, the deformation-induced martensitic phase transformation of B2 to B19${}^{\prime}$ provides a high density of interfaces of phases and twins \[[@B8-materials-12-01419]\]. This hardens the crystalline phase and hinders shear bands to penetrate through the precipitates \[[@B18-materials-12-01419],[@B23-materials-12-01419],[@B24-materials-12-01419]\]. Allover, the martensitic transformation in shape memory crystals counterbalances shear-induced softening and localization in the glassy matrix \[[@B7-materials-12-01419]\].

Molecular dynamics (MD) simulations have provided an atomistic description of the deformation mechanism in MG composites with a B2 shape memory phase \[[@B25-materials-12-01419],[@B26-materials-12-01419]\]. An autocatalytic chain-type deformation mechanism of MG composites was found for such composites: the martensitic transformation leads to shear band formation and likewise the stress at the shear band tip induces martensitic transformation in the shape memory crystal, promoting a heterogeneous distribution of strain into the glassy matrix \[[@B25-materials-12-01419],[@B26-materials-12-01419]\]. Additionally, the martensitic transformation changes the shear band morphology and leads to a shear-broadening effect that lowers the elastic shear stress and reduces the probability for catastrophic fracture of the composite \[[@B26-materials-12-01419]\]. The complex and competing mechanisms of deformation occurring in the glassy matrix and B2 inclusions allow amorphous-crystalline nanolaminates with low-volume fraction of B2 phase (below 45 vol.%) to exhibit large tensile ductility and nearly ideal plastic flow behavior. Hence, improved ductility is also expected for MG composites with a low-volume fraction of B2 inclusions.

In this paper, we present MD computer simulations of the deformation processes in MG composites with B2 CuZr crystalline precipitates. In our previous work, the deformation behavior and the underlying deformation mechanism of only one type of MG composite have been investigated \[[@B25-materials-12-01419]\]. Here, we provide a systematic investigation of the mechanical properties of shape memory MG composites and quantify the influence of different structural aspects on the deformation mechanisms. First, the impact of the volume fraction of the B2 phase on strain localization is investigated. Then, the critical size of the B2 inclusions for which the MG composite shows a brittle-to-ductile transition is identified. Finally, the superior mechanical properties of MG composites with shape memory crystals are highlighted by comparing their deformation mechanisms to those observed for composites with nanocrystalline inclusions which deform via dislocation activity \[[@B27-materials-12-01419],[@B28-materials-12-01419]\].

2. Simulation Details {#sec2-materials-12-01419}
=====================

For studying the mechanical properties of MG composites with shape memory crystals, classical MD simulations were performed using the program package LAMMPS \[[@B29-materials-12-01419]\]. A glassy system of 8000 atoms was prepared by quenching from the melt with a cooling rate of 10${}^{10}$ K/s at zero pressure. The interatomic interactions were described by the modified Finnis-Sinclair type potential for CuZr binary alloys proposed by Mendelev et al. \[[@B30-materials-12-01419]\]. The potential reproduces the stress-induced martensitic transformation in the CuZr B2 crystalline phase that transforms to an intermediate R-phase and finally to the body-centered-tetragonal (BCT) phase under tensile loading \[[@B31-materials-12-01419],[@B32-materials-12-01419]\]. Although the Mendelev potential does not properly describe the experimental phase transformation in B2 CuZr crystallites (from a B2 to a B19' structure \[[@B17-materials-12-01419]\]), our simulations are still able to provide a reasonable mechanistic and atomistic view of the deformation processes in MG composites reinforced with shape memory precipitates on a qualitative level. Since the chosen EAM-potential by Mendelev massively overestimates the unstable stacking-fault energy and the critical stress for homogeneous dislocation nucleation in copper crystals \[[@B27-materials-12-01419]\], we used the potential developed by Ward et al. \[[@B33-materials-12-01419]\] to investigate the deformations mechanisms in MG composites with copper precipitates.

For simulating the deformation mechanism, slab-shaped Cu${}_{64}$Zr${}_{36}$ glass samples with dimensions of $L_{x}$× $L_{y}$× $L_{z}$ = 33.5 × 7.5 × 85.0 nm${}^{3}$ and about 1.3 million atoms were constructed by replicating the initial quenched glassy system. MG composites were constructed by inserting different numbers of B2 CuZr rectangular inclusions with different sizes in the monolithic glass. Afterwards, overlapping pairs of atoms whose distances of separation were within a cutoff distance of 2 Å were searched for, and the glassy atoms were deleted. All structures were relaxed to zero pressure at 50 K for 200 ps prior to deformation and then loaded in uniaxial tension parallel to the z-direction using a strain rate of 4 × 10${}^{7}$ s${}^{- 1}$. The stress normal to the loading direction was relaxed to allow for lateral contraction. Periodic boundary conditions were applied in all three directions. The atomic scale deformation mechanisms were analyzed by using the atomic von Mises strain \[[@B34-materials-12-01419]\], calculated by the OVITO analysis and visualization software \[[@B35-materials-12-01419]\]. The martensitic transformation process in the crystalline B2 inclusions and the dislocations activity in Cu phase were also monitored by the common neighbor analysis (CNA) scheme \[[@B36-materials-12-01419]\].

3. Results and Discussion {#sec3-materials-12-01419}
=========================

3.1. Effect of the Density of Inclusions {#sec3dot1-materials-12-01419}
----------------------------------------

To investigate the effect the density of inclusions on the deformation behavior of Cu${}_{64}$Zr${}_{36}$ composites with B2 CuZr crystallites two structures have been prepared: one with 15 and another one with 9 rectangular inclusions of cross-sectional dimensions of 3.22 × 3.22 nm${}^{2}$ and an initial length of 19.4 nm. We will name these two composites 15n10uc and 9n10uc, respectively (here, $uc$ is the abbreviation for CuZr B2 unit cells ≈ 0.322 nm). For better visualization of the competing deformation mechanisms in the B2 inclusions and the glassy matrix only those atoms of the glassy phase with a strain higher than 0.2 are displayed.

Upon tensile load, the MG composite with 15 inclusions (14.1 vol.%) shows homogeneous deformation. Initially, STZs mostly nucleate at the corners of the B2 inclusions, where the stress is concentrated, and around the soft amorphous-crystalline interface \[[@B25-materials-12-01419],[@B37-materials-12-01419]\]. Once the B2 crystallites start to transform martensitically from the B2 structure to an intermediated R-phase (strain level of 11%) the strain/stress field is perturbed and STZs are activated where the material of the inclusions allow phase transformation (see [Figure 1](#materials-12-01419-f001){ref-type="fig"}, upper panels). At a strain level of 13% the martensitic transformation in the B2 inclusions advances and more and more STZs are activated and percolate forming plastic zones (embryonic shear bands). Nevertheless, these plastic zones are confined between the crystalline inclusions and the formation of a critical shear front is hindered. Even at a strain level of 16% no critical shear band develops and the MG composite shows homogeneous plastic deformation. Moreover, along the directions where a higher density of STZs is activated and percolate the local stresses increase, causing the R-phase to martensitically transform to the body-centered-tetragonal (BCT) phase (green atoms in [Figure 1](#materials-12-01419-f001){ref-type="fig"}). When two plastic zones intersect the local stress is drastically increased. This can mechanically dissolve (amorphize) the B2 inclusions locally (see [Figure 1](#materials-12-01419-f001){ref-type="fig"}, upper panels).

When the number of B2 precipitates decreases to only 9 (8.4 vol.%) the response of the MG composite becomes extremely brittle and plastic deformation is highly localized in one dominant shear band ([Figure 1](#materials-12-01419-f001){ref-type="fig"}, lower panels). The shear band formation is strongly related to the phase transformation in the crystalline inclusions: the martensitic transformation leads to shear initiation in the glassy matrix and the stress along the shear front induces martensitic transformation in the next shape memory crystals. However, in this case, the low number of B2 inclusions cannot block and confine the shear band. Two reasons can be responsible for the observed brittle-to-ductile transition: the low-volume fraction/size of the B2 inclusions or/and the critical shear band length \[[@B38-materials-12-01419]\]. For Cu${}_{64}$Zr${}_{36}$ metallic glass a threshold length of the shear band of about 20 nm was estimated \[[@B39-materials-12-01419]\]. Considering the system dimension along x-direction, the size of the inclusion and the fact that the shear band propagates at a 45 degree angle with respect to the loading direction one can calculate the maximum free path of the shear band following the simple geometrical construction shown in [Figure 1](#materials-12-01419-f001){ref-type="fig"}. The longest free path that the shear band can follow in MG composites with 15 and nine inclusions is about 14 nm and 27 nm, respectively. Therefore, these values validate our results for the case of the MG composites with nine inclusions where a dominant shear band forms and propagates through the system. Nevertheless, for composites with 15 precipitates where the spacing between the inclusions is smaller than the critical shear band length, the plastic zones are confined by the inclusions and the deformation in the composites is mediated by both, STZ nucleation and percolation and martensitic phase transformation mechanisms.

3.2. Effect of the Size of the Inclusions {#sec3dot2-materials-12-01419}
-----------------------------------------

To further differentiate between the effects of volume fraction and size of the B2 inclusions on the deformation behavior of MG composites with shape memory alloy we constructed another two composites with nine inclusions with cross-sectional dimensions of 4.5 × 4.5 and 5.8 × 5.8 nm${}^{2}$, respectively, while keeping the same length of 19.4 nm (named 9n14uc and 9n18uc composites, respectively). [Figure 2](#materials-12-01419-f002){ref-type="fig"} (upper panels) reveals that the plastic deformation in the 9n14uc composite is highly localized in a dominant shear band although this composite contains a high volume fraction of B2 phase (≈16.6 vol.%). The free-path for shearing is around 25 nm, providing the necessary condition for the formation of critical shear bands. Besides, there is also an effect of the size of the inclusions size. Under loading the shear band propagation is hindered for a while by the B2 inclusions while the morphology continuously changes. When comparing these findings to the case of composites with nine inclusions of 3.22 × 3.22 nm${}^{2}$ cross-section at a strain level of 13% the shear band in the 9n14uc composite is still confined by the B2 inclusions. Additionally, the martensitic deformation of the B2 crystals leads to a broadening of the shear band. However, at a strain level of 16% the shear band penetrates through the precipitates and a critical shear front occurs.

With further increasing the size of the B2 inclusions (27.6 vol.%) the 9n18uc composite shows homogeneous plastic deformation. Although the free path for shearing in this MG composite is long enough to form critical shear bands (≈23 nm) these planar defects are confined by the crystalline precipitates and the strain is homogeneously distributed in the whole composite on different slip planes carrying plastic deformation. Even at a strain level of 16% none of these shear bands becomes critical and there is a strong competition between the glassy and crystalline phases to accommodate the elastic energy. Hence, together with the formation of an organized pattern of multiple shear bands, the B2 inclusions are severely deformed and transform into the R and BCT phases. Both the distribution and the volume fraction of the B2 inclusions have a strong impact on the deformation mechanism of MG composites.

A quantitative interpretation of the aforementioned deformation mechanisms in MG composites can be derived by considering the strain localization parameter \[[@B40-materials-12-01419]\], $\psi = \sqrt{\frac{1}{N}\sum_{i = 1}^{N}\left( \eta_{i}^{Mises} - \eta_{ave}^{Mises} \right)^{2}}$, where $\eta_{ave}^{Mises}$ is the average von Mises strain over all atoms in the simulation cell. A larger $\psi$ value indicates larger variations in the atomic strain and a more localized deformation mode. As expected, the 15n10uc composite shows the lowest $\psi$ values when compared to the composites with nine B2 inclusions (see [Figure 3](#materials-12-01419-f003){ref-type="fig"}). Hence, this composite shows weak strain localization. Interestingly, although the 9n18uc composite also shows homogeneous plastic deformation the $\psi$ value increases during the deformation process. The difference in the $\psi$ value underlines the relationship between the ability of STZs to percolate and to form shear bands and the spacing between the B2 inclusions. In the 9n18uc composite, the sufficiently large free path for shearing ensures the formation of mature shear bands while in the 15n10uc composite only small plastic zones (embryonic shear bands) develop by STZ percolation. In contrast, the $\psi$ parameter of the 9n10uc and 9n14uc composites increases exponentially upon continued loading once the strain level is above 11%. At this level of strain, one major shear band is formed that subsequently penetrates through the precipitates and mediates the plastic deformation across the samples for both composites.

3.3. Effects of Crystal Structure {#sec3dot3-materials-12-01419}
---------------------------------

To emphasize the superior mechanical properties of MG composites with shape memory crystals we compare their deformation mechanism to the one of composites with nanocrystalline inclusions which deform via dislocation activity. For this, we directed our attention to the two ductile MG composites, 15n10uc and 9n18uc, respectively, and replaced the B2 CuZr phase with pure face-centered cubic (fcc) Cu. [Figure 4](#materials-12-01419-f004){ref-type="fig"} shows the evolution of the atomic strain in the two MG composites together with the results of a common neighbor analysis in the fcc inclusions. First of all, we can see that MG composites simulated with the potential developed by Ward et al. \[[@B33-materials-12-01419]\] start yielding at strain level of 8%. Here, we should mention that the observed lower yield point for composites with fcc inclusions is related to the interatomic potential and should not be associated to the intrinsic properties of the crystalline inclusions.

Under loading, the composites with fcc inclusions show a more localized plastic deformation than the composites with shape memory phase. The fcc inclusions in the 15n10uc composite are too soft to block the shear band propagation cutting through the precipitates and slip transfer into the crystalline phase takes place. Initially, STZs are activated at the corners of the precipitates as well as by interactions with dislocations in the fcc inclusions \[[@B41-materials-12-01419],[@B42-materials-12-01419],[@B43-materials-12-01419]\] and percolate forming a dominant shear band. Moreover, the stress along the shear band overcomes the critical stress for heterogeneous nucleation of a dislocation in the precipitate and, hence, a higher density of dislocations along the shear front is visible. When the dislocations are perpendicular to the shear direction the shear band morphology is altered and the shear band broadens (see [Figure 4](#materials-12-01419-f004){ref-type="fig"}). The plastic deformation in the 9n18uc composite becomes more homogeneous with increasing size of the fcc inclusions but still dominant shear bands form. The high volume fraction of crystalline phase is responsible for the formation of multiple shear bands. The lower barriers for STZ activation at amorphous-crystalline interfaces result in the activation of a high number of STZs and more homogeneous distribution of the plastic strain \[[@B27-materials-12-01419]\]. Altogether, the improved ductility originates mainly from the interaction between shear bands but only marginally from the interaction with crystalline precipitates. Even for large fcc inclusions the shear bands do propagate further and show slip transfer into the precipitates (see [Figure 4](#materials-12-01419-f004){ref-type="fig"}).

The $\psi$ parameter of the 15n10uc and 9n18uc composites with B2 CuZr or fcc Cu crystals is presented in [Figure 5](#materials-12-01419-f005){ref-type="fig"}. It can clearly be seen that the $\psi$ values of the composites with Cu inclusions increase drastically once yielding occurs. As already observed from the local atomic strain, the impact of the volume fraction of the soft crystalline phase on strain localization is noticeable and the $\psi$ parameter of the 15n10uc composite (14.1 vol.%) shows the largest increase upon continued deformation. One should also remark the crossover of the curves for the 15n10uc and 9n18uc composites with fcc inclusions. A large volume fraction of crystalline precipitates coincides to a high surface ratio and consequently to a high volume fraction of amorphous-crystalline interfaces. Due to lowering activation barrier for STZ at the interfaces, the 9n18uc composite starts to yield first \[[@B25-materials-12-01419]\]. Nevertheless, these plastic zones are confined between the large fcc inclusions and under further loading, the $\psi$ parameter of the 9n18uc composites shows a moderate increases (see [Figure 5](#materials-12-01419-f005){ref-type="fig"}). Additionally, the crystalline phase is responsible for the difference in the $\psi$ value encountered for 9n18uc composites. The lower values of $\psi$ for the 9n18uc composite with B2 inclusions is due to the confinement effect of the shape memory phase.

4. Conclusions {#sec4-materials-12-01419}
==============

In this paper, we have presented molecular dynamics simulations of the nanostructure--property relationships in shape memory metallic glass composites. Our results reveal that MG composites with a relatively low density of small B2 inclusions (14.1 vol.%) show homogeneous plastic deformation. The narrow spacing between the inclusions does not allow the STZs to percolate and form major shear bands. Hence, the plastic deformation in 15n10uc composite is mediated by the formation of embryonic shear bands and the martensitic phase transformation of B2 shape memory inclusions. Reducing the number (volume fraction) of B2 inclusions in the MG composites yields the ductile-to-brittle transition. The distance between inclusions in 9n10uc composites is within the critical shear band length which in turn leads to a highly localized deformation process. Otherwise, to ensure the arrest of shear bands and hence, homogeneous plastic deformation, a larger fraction of B2 inclusions beyond 28% is required. Substituting the shape memory inclusions with soft fcc Cu crystals renders more localized plastic deformation in the MG composites. Shear bands can cut through the Cu precipitates and a critical shear front occurs. Thus, by carefully choosing the density, size and spatial distribution of shape memory crystals, one can obtain MG composites that exhibit large tensile ductility for even a low-volume fraction of the shape memory phase.
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![Evolution of the atomic von Mises strain and the results of the CNA in Cu${}_{64}$Zr${}_{36}$ metallic glass composites with 15 and 9 B2 CuZr precipitates of cross-sectional dimensions of 3.22 × 3.22 nm${}^{2}$ under tensile loading. All atomic positions are rescaled by affine transformation correcting for the macroscopic strain. In order to capture the competing deformation mechanisms in the B2 crystalline and glassy phases, only half of the structure and those atoms with an atomic strain higher than 0.2 are shown. The crystalline atoms are colored based on the local strain for values higher than 0.2. The drawn triangles are used to calculate the maximum free path for the shear band.](materials-12-01419-g001){#materials-12-01419-f001}

![Evolution of the atomic von Mises strain and the results of the CNA in Cu${}_{64}$Zr${}_{36}$ metallic glass composites with 9 B2 CuZr precipitates of two cross-sectional dimensions of 4.5 × 4.5 and 5.8 × 5.8 nm${}^{2}$, respectively. All atomic positions are rescaled by affine transformation correcting for the macroscopic strain. In order to capture the competing deformation mechanisms in the B2 crystalline and glassy phases, only half of the structure and those atoms with an atomic strain higher than 0.2 are shown. The crystalline atoms are colored based on the local strain for values higher than 0.2.](materials-12-01419-g002){#materials-12-01419-f002}

![The degree of strain localization parameter, $\psi$, of the various Cu${}_{64}$Zr${}_{36}$ MG composites with B2 CuZr inclusions of different size and number during tensile deformation.](materials-12-01419-g003){#materials-12-01419-f003}

![Evolution of the atomic von Mises strain and the results of the CNA in 15n10uc and 9n18uc composites with fcc Cu precipitates under tensile loading. All atomic positions are rescaled by affine transformation correcting for the macroscopic strain. In order to capture the competing deformation mechanisms in the fcc crystalline and glassy phases, only half of the structure and those atoms with an atomic strain higher than 0.2 are shown. The crystalline atoms are colored based on the local strain for values higher than 0.2.](materials-12-01419-g004){#materials-12-01419-f004}

![Variation of $\psi$ parameter in 15n10uc and 9n18uc composites with CuZr B2 inclusions in comparison to the $\psi$ parameter in two MG composites of the same configuration where the CuZr B2 phase was replace with fcc Cu inclusions.](materials-12-01419-g005){#materials-12-01419-f005}
